ABSTRACT Nitrate-reducing iron(II)-oxidizing bacteria have been known for approximately 20 years. There has been much debate as to what extent the reduction of nitrate and the oxidation of ferrous iron are coupled via enzymatic pathways or via abiotic processes induced by nitrite formed by heterotrophic denitrification. The aim of the present study was to assess the coupling of nitrate reduction and iron(II) oxidation by monitoring changes in substrate concentrations, as well as in the activity of nitrate-reducing bacteria in natural littoral freshwater sediment, in response to stimulation with nitrate and iron(II). In substrate-amended microcosms, we found that the biotic oxidation of ferrous iron depended on the simultaneous microbial reduction of nitrate. Additionally, the abiotic oxidation of ferrous iron by nitrite in sterilized sediment was not fast enough to explain the iron oxidation rates observed in microbially active sediment. Furthermore, the expression levels of genes coding for enzymes crucial for nitrate reduction were in some setups stimulated by the presence of ferrous iron. These results indicate that there is a direct influence of ferrous iron on bacterial denitrification and support the hypothesis that microbial nitrate reduction is stimulated by biotic iron(II) oxidation.
I
ron is the most abundant redox-active element in the Earth's crust. It occurs naturally as ferrous iron (Fe [II] ) and ferric iron (Fe [III] ) (1, 2) . Under circumneutral pH conditions, Fe is cycled between these two oxidation states by a variety of biotic and abiotic reactions (3, 4) . Abiotic reactions include the oxidation of Fe(II) by O 2 , reactive N species, or Mn(IV), as well as the reduction of Fe(III) by humic substances or by light-induced reactions (2, 3, 5) . Microbial redox cycling of iron includes the oxidation of iron by rate of 307.6 Ϯ 12.9 M per day while with Fe(III) present (Fig. 2E ) nitrate removal took 15 days at an average rate of 218.4 Ϯ 20.4 M per day. After an additional spike with 2 mM nitrate at day 60, nitrate removal patterns were similar (Fig. 2 ), yet nitrite production was only observed in setups amended with both nitrate and Fe(II) (Fig. 2C) . In microcosms amended with both nitrite and Fe(II), 2 mM nitrite was completely removed within 3 days at a nitrite consumption rate of 502.8 Ϯ 12.6 M per day (Fig.  2D) . A similarly fast nitrite removal was observed after a second nitrite spike at day 60. In setups without nitrate or nitrite amendment ( Fig. 2A and F) , both nitrate and nitrite remained constant in the low M range.
Fe speciation over time in microbially active setups. Microcosms spiked initially with only nitrate contained on average 1.17 Ϯ 0.59 mM total natural Fe, of which 7.7% Ϯ 1.4% was Fe(III) derived from the sediment (Fig. 3B ). On average 34% Ϯ 5% of the natural Fe was oxidized within 11 days, in parallel to nitrate consumption (Fig. 2B ). After these first 11 days, Fe(III) was completely reduced to Fe(II) within the following 7 days. Following the nitrate spike at day 60, Fe(II) oxidation and rereduction of the formed Fe(III) showed a similar pattern, i.e., Fe(II) was oxidized over 10 days, concomitant with nitrate consumption, and the formed Fe(III) was completely rereduced afterwards. In microcosms amended with both nitrate and Fe(II), the starting Fe concentration was 4.63 Ϯ 0.46 mM Fe, of which 7.5% Ϯ 0.8% was Fe(III) (Fig. 3C ). After 7 days, again concomitant with nitrate consumption (Fig. 2C ), 9.4% Ϯ 1.5% of the total Fe was oxidized, and subsequently all Fe(III) was completely rereduced within 8 days. After spiking again with nitrate at day 60, 2 replicates showed oxidation of only 2 to 5% Fe(II) over 4 days, followed by immediate Fe(III) reduction. In one replicate that showed slower nitrate removal, 25.8% Fe(II) was oxidized over 10 days and subsequently completely rereduced to Fe(II) (Fig. 3C) . In microcosms amended with nitrate and the Fe(III) mineral ferrihydrite (Fig. 3E) , oxidation of the complete sediment Fe(II) was observed during nitrate reduction. Rereduction of all Fe(III) present started at day 21, with a lag phase of 6 days after nitrate was completely reduced. Over 32 days, 82.0% Ϯ 2.8% of the total Fe was reduced. After spiking with nitrate at day 60, Fe(II) oxidation started immediately, resulting in a maximum of 57.3% Ϯ 4.0% Fe(III) within 10 days, which was subsequently rereduced. In microcosms amended with Fe(II) and nitrite ( Fig.  3D ), 11.2% Ϯ 0.8% Fe was oxidized within 2 days and immediately completely rereduced. After a second nitrite spike on day 60, no oxidation of Fe(II) was observed. In setups amended with only Fe(II) and no nitrate (Fig. 3A) , Fe(II) remained constant in two replicates, and one replicate showed slow and steady oxidation of 36% of the Fe(II) over the entire incubation time of 82 days. In unamended controls (Fig. 3F) , the initially present Fe was fully reduced to 100% Fe(II) and remained as Fe(II) over the whole incubation time.
Abiotic oxidation of Fe(II) by nitrite. To assess the extent to which the oxidation of Fe(II) that occurs during the reduction of nitrate might be caused by abiotic reactions with nitrite, both Fe and nitrite were monitored over time in microcosms sterilized by autoclaving. Over 53 days, 0.86 Ϯ 0.18 mM nitrite (of the added 2 mM) was removed together with the oxidation of 72.8% Ϯ 3.8% of the initially present 5.04 mM Fe(II) (Fig. 4B and D) . This corresponds to a Fe(II) oxidation rate of 74.5 Ϯ 10.1 M per day. After spiking with 2 mM nitrite on day 60, both nitrite and Fe(II) remained constant.
Consumption and production of organic matter. Volatile fatty acids (VFA) and dissolved organic carbon (DOC) were quantified over time to link Fe(II) oxidation and Fe(III) reduction to the bioavailability of organic carbon. Organic carbon was not amended, and all concentrations measured are derived from the sediment.
Initial DOC concentration in the overlying water was 10.7 Ϯ 0.6 mg per liter. The highest DOC levels of 21.9 Ϯ 2.5 mg per liter were measured after 45 days in microcosms amended with nitrite and Fe(II), while the lowest levels of 2.4 Ϯ 0.3 mg per liter were found after 12 days in microcosms amended with nitrate and Fe(III). In setups amended with only Fe(II) as well as in unamended controls ( Fig. 5A and F) , DOC concentrations decreased constantly over 45 days of incubation. In all setups amended with nitrate (Fig. 5B, C , and E), DOC decreased during nitrate reduction over the first 12 days. After nitrate reduction ceased, DOC strongly increased in setups amended with nitrate and Fe(II) (Fig. 5C ). In setups with only nitrate or nitrate and Fe(III) (Fig. 5B and 
NO 3
Ϫ -Dependent Fe(II) Oxidation in Freshwater Sediment Applied and Environmental Microbiology E), DOC increased only slightly after nitrate reduction was completed. Only in the setups that were amended with Fe(II) and nitrite ( Fig. 5D ) did the DOC increase constantly during 45 days of incubation. The initial total concentration of all analyzed VFAs (acetate, formate, propionate, butyrate, isobutyrate, pyruvate, lactate, and valerate) in the microcosms was 89.5 Ϯ 3.7 M. As with the DOC values, the highest total VFA concentrations of up to 800.0 Ϯ 45.9 M were measured after 45 days of incubation in setups amended with Fe(II) and nitrite. The lowest concentrations (3.1 Ϯ 0.9 M) were measured in microcosms amended with nitrate after 12 days of incubation. All samples were dominated by acetate (76.7% Ϯ 21.5% of the total VFA), which also resembled the overall trends.
Abundance and activity of nitrate-and nitrite-reducing bacteria. In order to assess whether Fe impacts microbial denitrification at a molecular level over time, we quantified gene copy numbers and gene transcripts of 16S rRNA genes, as well as functional genes encoding periplasmic nitrate reductase (napA), membrane-bound nitrate reductase (narG), copper-dependent nitrite reductase (nirK), and cytochrome cd 1 nitrite reductase (nirS). We found that abundances of all monitored genes remained mostly constant over the measured time points in all setups. Slight changes in overall bacterial abundances (16S rRNA) were reflected in abundances of the functional genes ( Fig. 6 ). Gene expression levels of all functional genes, i.e., the proportion of DNA gene copies represented as cDNA, were between 1.1% and 1.7% in the natural sediment. In control setups without substrate amendment (Fig. 6F) , expression levels decreased within the first 12 days of incubation and subsequently stayed constant below 0.5%. Overall, gene expression levels increased over the first 12 days of incubation and then decreased to levels similar to those in the unamended controls. Fe(II) alone (Fig. 6A ) triggered a greater increase in gene expression levels of all functional genes, greater than that triggered by nitrate alone (Fig. 6B ) or by Fe(II) in combination with nitrate ( Fig.  6C ). The highest expression levels, 19.9% for napA and 11.7% for nirS, were measured in microcosms amended with Fe(II) and nitrite (Fig. 6D ). Only the microcosms amended with Fe(III) and nitrate ( Fig. 6E) showed expression levels at day 45 higher than the starting levels. Expression levels at day 12 could not be determined in these setups due to too-low RNA concentrations. 
DISCUSSION
Dependence of microbial Fe(II) oxidation on the presence of nitrate and nitrite. Our experiments clearly showed that the oxidation of Fe(II) depends on the simultaneous reduction of nitrate or nitrite. No oxidation of Fe(II) could be observed in most setups without amendment of nitrate or nitrite ( Fig. 2 and 3A and F) whereas in nitrate-spiked setups Fe(II) oxidation was limited to the duration of nitrate reduction. One replicate of the setup amended with only Fe(II) showed slow and steady Fe(II) oxidation (Fig. 3A ), yet this replicate showed a distinct oxidation ring at the liquid surface, indicating an air leak and subsequent abiotic oxidation of Fe(II). As soon as nitrate or nitrite was completely used up, net Fe(II) oxidation ceased, and net Fe(III) reduction remained the dominating Fe-converting process in all setups. We also did not see a correlation between Fe(II) oxidation and the accumulation of nitrite, which has been previously reported as the main driver of abiotic Fe(II) oxidation during nitrate reduction (21) .
The oxidation of iron coupled to the reduction of nitrate is based on the following stoichiometry: 10 Fe 2ϩ ϩ 2 NO 3 Ϫ ϩ 24 H 2 O ¡ 10 Fe(OH) 3 ϩ N 2 ϩ 18 H ϩ According to this equation, a ratio of NO 3 Ϫ (reduced) /Fe(II) (oxidized) of 0.2 is expected if nitrate reduction is coupled completely to Fe(II) oxidation (30) , while for heterotrophic nitrate reduction the ratios are expected to be higher. As further described in Laufer et al. (31) , this ideal ratio is expected to be even lower due to the fact that the electrons resulting from the oxidation of Fe(II) cannot be used exclusively for the reduction of nitrate but also feed into CO 2 -fixing reactions that produce biomass, in particular in autotrophic nitrate-reducing Fe(II) oxidizers.
In microcosms amended with nitrate only or with both nitrate and Fe(II), the reduction of 2 mM nitrate was coupled to the oxidation of approximately 0.4 mM Fe (Fig. 2B and C and 3B and C), corresponding to an NO 3 Ϫ (reduced) /Fe(II) (oxidized) ratio of 5. This implies that a significant part of the nitrate reduction was performed heterotrophically. After spiking again with 2 mM nitrate on day 60, the NO 3 Ϫ (reduced) /Fe(II) (oxidized) ratio in microcosms amended with only nitrate remained similar at a value of 5, indicating no mechanistic change in the reduction of nitrate. In contrast, in microcosms amended with both nitrate and Fe(II), the reduction of 2 mM nitrate was coupled to the oxidation of less than 0. (Fig. 3E) . Subsequently, after a second nitrate spike on day 60, the reduction of 2 mM nitrate was coupled to the oxidation of approximately 2.4 mM Fe(II), corresponding to an NO 3 Ϫ (reduced) /Fe(II) (oxidized) ratio of 0.8. Role of cryptic Fe cycling for Fe(II) oxidation in freshwater sediments amended with nitrate. One additional factor that could potentially influence the measurable ratio of NO 3 Ϫ (reduced) /Fe(II) (oxidized) is cryptic Fe cycling (32, 33) . Cryptic element cycling refers to rapid turnover of redox species that occurs too fast to be detected, but which ultimately alters the measured budgets of involved electron donors and terminal electron acceptors. In our setups, the immediate rereduction of Fe(III) produced by Fe(II) oxidation might lead to overestimation of the NO 3 Ϫ (reduced) /Fe(II) (oxidized) ratio, i.e., the actual amount of Fe(II) oxidized could be higher than determined based on the present Fe(II) concentrations. The fact that Fe(III) reduction started instantaneously after complete nitrate reduction, which is required for Fe(II) oxidation, suggests cryptic Fe cycling in most biotic setups, i.e., Fe(III) is probably also reduced during the time period when we see a net Fe(II) oxidation. This allows a relative comparison of the ratios and, consequently, a determination of the impact of autotrophic nitrate-dependent Fe(II) oxidation. In microcosms amended with nitrate and Fe(III), reduction of Fe(III) started only after a lag phase of 6 days after nitrate reduction was finished, indicating the absence of cryptic Fe cycling during nitrate reduction in these setups.
Impact of DOC on Fe(II) oxidation in freshwater sediment. The high NO 3
Ϫ (reduced) / Fe(II) (oxidized) ratio in microcosms amended with nitrate and Fe(II) coincides with a high present DOC concentration (17 mg per liter at day 45 compared to 11 mg per liter at day 0), indicating that at this point, nitrate reduction was performed almost exclusively heterotrophically. In microcosms amended with nitrate and Fe(III) that lacked the initial supply of Fe(II), nitrate reduction started, probably heterotrophically, on day 0. However, after a nitrate spike on day 60, the low NO 3 Ϫ (reduced) /Fe(II) (oxidized) ratio of 0.8 indicates an increased utilization of Fe(II) as electron donor by autotrophic or mixotrophic nitrate-reducing Fe(II) oxidizers. Considering the very low DOC concentration of only 3 mg per liter at this time point, a strong impact of mixotrophic or even autotrophic nitrate-reducing Fe(II) oxidizers is indicated. This is also indicated by the rates of nitrate-reducing Fe(II) oxidation measured in different setups and at different DOC concentrations. The highest rate of nitrate-dependent Fe(II) oxidation, 154.8 Ϯ 36.2 M per day, coincided with a DOC concentration of 3.2 Ϯ 0.6 mg per liter in microcosms amended with Fe(III) and nitrate after the nitrate spike on day 60. With increasing DOC concentration, the Fe(II) oxidation rate consistently dropped. At a DOC concentration of 10.7 Ϯ 0.6 mg per liter in microcosms amended with Fe(II) and nitrate from the start of the experiment, the rate of nitrate-reducing Fe(II) oxidation was only 15.0 Ϯ 6.7 M per day. At the highest DOC concentration of 21.8 Ϯ 2.5 mg per liter measured in microcosms amended with Fe(II) and nitrite, no Fe(II) oxidation was observed. This implies that heterotrophic nitrate reduction is favored by the nitratereducing bacterial community, yet under carbon-limited conditions Fe(II) can be used as electron donor. In addition, low DOC levels would limit Fe(III) reduction, which would also lead to a higher net Fe(II) oxidation rate. These findings coincide with the results of Laufer et al. (31) , strengthening the interpretation that under low concentration of DOC the use of electrons from Fe(II) oxidation for the autotrophic reduction of nitrate becomes increasingly important. This is particularly important for environments with fluctuating DOC content, such as lake sediments, and for agriculturally used soils where high nitrate inputs and subsequent consumption might lead to a depletion of DOC.
Microbially mediated Fe(II) oxidation coupled to nitrate reduction in freshwater sediments. Because all Fe(II) oxidation rates measured in biotic setups have to be considered net rates, which include the biotic and abiotic oxidation of Fe(II) as well as the reduction of Fe(III), we tried to assess the proportions of the individual processes. The rate of Fe(II) oxidation resulting from the abiotic reaction with nitrite could be determined in microcosms with sediment that was sterilized by autoclaving. Additionally, biotic Fe(III) reduction rates were considered to display only Fe(III) reduction because Fe(II) oxidation was expected to be impossible due to the lack of nitrate, nitrite, light, or oxygen. Summing up the rates of biotic Fe(III) reduction and abiotic Fe(II) oxidation by nitrite resulted in the theoretical net Fe conversion rate that is displayed in Fig. 7 . All measured Fe conversion rates from different microcosm setups showed faster Fe(II) oxidation over time than that suggested by the calculated net Fe conversion rate. This implies that in addition to the abiotic side reaction with nitrite, Fe(II) oxidation is coupled to active nitrate reduction, even in setups with high DOC concentration where Fe(II) oxidation coupled to nitrate reduction plays a minor role compared to that in heterotrophic nitrate reduction. The negative correlation of the DOC concentration and the proportion of Fe(II) oxidation coupled to nitrate reduction indicates a high impact of microbially mediated processes for the coupling of nitrate reduction and Fe(II) oxidation.
Copy numbers of genes encoding nitrate and nitrite reductases revealed the same trends as for 16S rRNA genes, indicating that none of the substrate amendments caused significant changes in abundances of denitrifying bacteria. Gene expression levels, however, clearly varied between different setups and over time. First of all, expression levels of all nitrate and nitrite reductases stayed stable after nitrate amendment, whereas they dropped without this amendment. This indicates that the natural lake sediment is constantly supplied with nitrate, which is immediately consumed by bacteria and thus is barely measurable in the sediment or the overlying water column. Setups amended with Fe(II) showed elevated expression levels of nitrate-and nitritereductase-encoding genes (Fig. 6A ). This correlates with results of former studies, which reported enhanced nitrate reduction rates in the presence of Fe(II) (15, 17) ; in addition, we could link this increased nitrate reduction to enhanced gene expression, possibly caused by the presence of Fe(II). The effects of high Fe(III) concentrations on the expression of nitrate-and nitrite-reductase-encoding genes could not be determined. The decreased Fe(II) oxidation rates in the setups amended with Fe(III) could be caused by either downregulation of nitrate and nitrite reductases or by competition for organic carbon between nitrate-and Fe(III)-reducing bacteria. However, it could also be explained by an inhibitory effect due to Fe(III) reduction (34) . The strongest effect on the expression of nitrate-and nitrite-reductase encoding genes was found in setups amended with Fe(II) and nitrite. This is especially remarkable, as by the time samples for DNA/RNA quantification were taken, nitrite had already been removed from the aqueous phase for several days. Still, RNA for the nitrite reductase was expressed. As mRNA has only a short half-life (35, 36) , the continuous expression of the nitrite reductase (even in the absence of nitrite) might be due to an ongoing stress response towards nitrate toxicity (37, 38) .
Implications for the existence of microbially mediated nitrate-reducing Fe(II) oxidation. With the discovery of Fe(II) oxidation coupled to nitrate reduction (8), the question arose of whether or not this metabolism is mainly driven by biotic or abiotic processes. The dependence of Fe(II) oxidation on nitrate reduction shown in many studies led to the conclusion that both processes are enzymatically coupled. Nevertheless, many isolated nitrate-dependent Fe(II) oxidizers need an organic cosubstrate for growth. In combination with the observation that ordinary nitrate-reducing bacteria can potentially oxidize Fe(II) (17, 19, 21, 39) abiotically by reactive nitrogen species produced during denitrification, these observations cast doubt on whether an enzymatic coupling of nitrate reduction and Fe(II) oxidation truly exists. Additionally, recent studies demonstrate the existence of autotrophic nitrate-reducing Fe(II) oxidizers in marine sediments (30) , and our findings reveal an influence of Fe(II) on the expression of genes encoding enzymes responsible for denitrification. From these findings we conclude that Fe(II) oxidation coupled to nitrate reduction is mainly a microbially mediated process. Future studies could focus on DNA-SIP (stable isotope probing) to determine the community members utilizing this type of metabolism or on nano-SIMS (nanoscale secondary-ion mass spectrometry) experiments in enriched or pure cultures to unravel the underlying mechanism of nitrate-reducing Fe(II) oxidation.
MATERIALS AND METHODS
Sampling site and sampling procedure. Littoral sediment and water samples were taken in September 2015 and February 2016 at Lake Constance, a freshwater lake in southern Germany, at a location in the northwestern arm known as the Ü berlingersee, which is near the island of Mainau at 47°41=42.63==N and 9°11=40.29==E, at a water depth of 0.5 to 1.0 m. Temperature, pH, salinity, and oxygen saturation of the water were measured directly at the site with a field multimeter (Multi 3430; WTW;) equipped with a pH electrode with a temperature sensor (SenTrix; WTW), a conductivity electrode (TetraCon92; WTW), and an oxygen sensor (FDO925; WTW). Sediment and water samples were transported to the laboratory at 4°C and the sediment was processed immediately for geochemical measurements and microcosm incubations.
Microelectrode measurements. In September 2015, microelectrode measurements were performed directly at the site, immediately after sediment sampling in 50-ml syringes (10 cm ϫ 2.5 cm) with cutoff tips. High-resolution profiles of dissolved O 2 , pH, and redox potential were measured with commercially available glass microelectrodes with a 100-m tip diameter (Unisense, Denmark). Vertical profiles of oxygen were measured at a depth resolution of 200 m, and all other parameters were determined at a resolution of 500 m using a manual micromanipulator. Data were recorded with the software Sensor Trace Pro (Unisense, Denmark). Before and during measurements, the overlying water in the sediment cores was aerated, as the littoral surface sediment in situ is saturated with oxygen. For each parameter, triplicate profiles were measured in the same sediment core at different positions. Profiles of dissolved Fe 2ϩ were obtained using a DLK-100A potentiostat (Analytical Instrument Systems, Flemington, NJ) with a standard three-electrode system. The working electrode was a 100-m gold amalgam (Au/Hg) glass electrode which was constructed as described by Brendel and Luther (40) . The reference electrode was an Ag wire coated in Ag/AgCl; a Pt wire was used as counter electrode. Working and reference electrodes were replated before the measurements. Fe 2ϩ calibrations were done using Mn 2ϩ standards with subsequent conversions to Fe 2ϩ concentrations using the pilot ion method (40, 41) . A pilot ion factor of 1.3 was determined. Cyclic voltammograms for Mn 2ϩ and Fe 2ϩ were collected by scanning from Ϫ0.1 V to Ϫ2.0 V and back to Ϫ0.1 V (versus Ag/AgCl) at a scan rate of 1,000 mV/s. An initial conditioning step of applying Ϫ0.05 V for 5 s, followed by holding at Ϫ0.9 V for 10 s, was set to remove previously deposited species (40) . After the conditioning step, the electrode equilibrated for 5 s before scan potentials were applied. Ten scans were done at each measurement point, and the resulting voltammograms were integrated using the VOLTINT program for Matlab (42) . as well as for the nitrite-reductase-encoding genes nirK and nirS were performed on DNA and cDNA samples. qPCR analyses were run on an iQ5 Real-Time PCR cycler (Bio-Rad Laboratories GmbH, Germany) using SsoAdvanced UniversalSYBRGreen Supermix (Bio-Rad). Primers and protocols used are listed in Table 1 . We specially thank Ellen Roehm from the University of Tübingen, Germany, and the limnology team from the University of Konstanz, Germany, and Bernhard Schink, Konstanz, for critically reading the manuscript.
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